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INTRODUCTION 
Naval ordnance research during the recent war period necessi- 
tated a tremendous amount of technical investigation, a great 
part of which required large scale underwater explosive tests. 
New techniques in mine warfare and new countermine measures 
were developed; new and more effective demolition methods 
were introduced; airborne bombs and torpedoes were perfected, 
all of which required trials and experimentation. 
This type of research served not only to develop more effective 
naval ordnance, but also provided data in the field of submarine 
physics. Instruments were developed to measure and record 
the magnitude, duration and velocity of shock waves resulting 
from underwater explosions. 
The biological effects, except on military personnel, were al- 
most entirely disregarded. Very little is known regarding the 
effects of explosive shock on marine life, and this lack of in- 
formation stimulated the study on which this report is based. 
The need for the study becomes obvious when the implications 
of the problem are considered. First, it is necessary that the 
"commercial" effects, the actual damage to commercially im- 
portant stocks of fish and shellfish, be evaluated. Second, and 
equally important, are the "biological" effects, the immediate 
physical effects of shock waves on animals and the indirect 
effects on future stocks of marine life. 
Indirect effects might include the diversion of migratory 
stocks from an area subjected to explosive shock, or actual dam- 
age to the habitat, rendering i t  unfit for sedentary or non-migra- 
tory native species. The interruption of food chains in an area 
by the destruction of forage forms or vegetation might exert 
considerable "biological" effect on an area. An accurate and com- 
plete knowledge of what could be termed "explosive shock dam- 
age" to typical species of commercially valuable fish would also 
make possible the positive identification of dynamited fish, and 
assist materially in conservation law enforcement. 
Underwater explosions associated with ordnance research, 
seismic survey and construction may be conducted with a mini- 
mum of damage to fishery resources through the application of 
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accurate data on the biological effects of explosive shocks, 
coupled with already established facts in the field of submarine 
physics. 
Very few conclusive data on the subject were available a t  the 
time this study was started. For the most part, information was 
limited to scanty and incomplete observations by personnel fac- 
ing the handicap of inadequate equipment and techniques. Most 
previous data have been incidental and unquantitative by-prod- 
ucts of various ordnance researches. Little effort had been 
made to reduce the observations to a scientific study in which 
individual variable factors were considered. 
The first and only preceding scientific contribution was that 
of Gowanloch and McDougall in the coastal waters of Louisiana 
(1945). This study was in connection with the proposed use of 
heavy explosive charges for refractive seismic exploration for 
oil in a highly productive shrimp fishing area. A series of experi- 
ments was conducted in which live shrimp (Penaeus setiferus), 
croakers (Micropogon undulatus) , crabs (Callinectes sapidus) 
and oysters (Ostrea virginica) were used. The animals were 
suspended in 30-inch slatted wooden cages midway between sur- 
face and bottom. Precautions were observed in handling experi- 
mental and control animals to minimize injury. Animals were 
placed 50,100, 150, 200, 300 and 400 feet from the shot point and 
were examined immediately before and after the explosions, and 
24 and 48 hours after firing. 
One 200-pound and two 800-pound charges of 6070 gelatine 
dynamite were used and results were strikingly similar. Shrimp 
were uninjured a t  50 feet by the heavier shot, while croakers 
were apparently injured a t  200 feet by none of the charges, al- 
though all fish nearer than 150 feet were killed. No conclusive 
mortality data were obtained for oysters. 
The great discrepancy between the effects of the 800-pound 
charges used in the Louisiana tests and the more lethal effects 
of the lighter charges used in this study may arise from an 
error in technique. Naval Ordnance Laboratory research has 
indicated that any substance containing air space tends to absorb 
and decrease the effect of shock waves travelling through water. 
The slatted wooden frame of the experimental cages used in the 
Louisiana investigation would tend t o  produce a decrement in 
the shock and pressure reaching the enclosed animals. 
Figure 1. 
Explosion of a small charge in shallow water. 
In the tests on which this report is founded, crabs, oysters and 
several species of coinmercially important fish were suspended 
in all-metal cages a t  established depths and distances from ex- 
plosive charges of known weight. Charges were fired in rela- 
tively shallow water (fig. 1). Observations relative to these 
tests were supplemented by field observations of fish mortality 
resulting from a number of explosions in which the depth, type 
of bottom and weight of charge varied widely. 
Answers were not obtained for all of the questions mentioned 
in an earlier paragraph, but data were obtained on the effects 
produced under certain limited conditions. The study provided 
indices to the actual damage to commercial stocks of fish and 
shellfish and also furnished reliable information on the immedi- 
ate biological effects on the test animals. The lethal range of 
charges of known weight was determined, a fact of some value 
in estimating the lethal range of heavier charges. 
Data were not secured relative to the possible indirect biologi- 
cal effects, i.e., diversion of migratory stocks, damage to habi- 
tat, or interruption of food chains. The problem is highly com- 
plex, and this paper is not offered as a final or complete contri- 
bution but, rather, asl an attempt to initiate organized and 
reliable investigational techniques. In the course of this study, 
several basic technical and operational errors were uncovered, 
and a report of all work is included for guidance in other investi- 
gations. 
Although much valuable information has been obtained from 
these investigations, most of the results are preliminary in 
nature. Further experiments are planned in an attempt to 
answer the many questions suggested by these studies or not 
included in their original scope. Most of these problems have 
been mentioned in the introduction or will be referred to in later 
sections. 
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METHODS AND MATERIALS 
Experiments were conducted in the Chesapeake Bay and the 
Patuxent River in the vicinity of Solomons, Maryland, in 1944 
and 1945. An area initially was selected along the western shore 
of the Bay near Cove Point. However, that location had to be 
abandoned because of exposure and heavy seas since the use of 
small craft was a t  times sharply curtailed. A second experi- 
mental location was selected near Point Patience in the Patuxent c 
River. The latter area proved satisfactory, and the remainder 
of the 1944 work was concluded a t  this location. Further tests 
were resumed August 21, 1945. The test area was moved again 
to the mouth of the Patuxent River, near Drum Point, to lessen 
the distance for transporting live fish from commercially op- 
erated pound nets. The Drum Point area was found to be best 
suited for this work and was used exclusively in 1945. 
Test areas were chosen to have a depth of water in excess of 
25 feet but less than 40 feet. Water temperatures, salinities and 
tide fluctuations were regularly recorded by the personnel of the 
nearby Chesapeake B,iological Laboratory and when compared 
with samples from the experimental areas were found to be 
practically identical, thereby eliminating additional field samples. 
Although variations in temperature and density affect pressure 
waves in water, these hydrographic changes were found to be 
slight and therefore were not considered to be of major impor- 
tance in the presentation of this data. During 1944, a salinity 
of about 14 parts per thousand and in 1945 a salinity of about 
12 parts per thousand were recorded. 
Local species of fish, oysters and crabs were used. Common 
and scientific naines of the test animals are  as follows : 
113 Rock or striped bass-Roccus salratilis Walbaum 
179 TrouLCynoscion regalis (Bloch and Schneider) 
8 Menhaden-Brevoortia tyran+tzts (Latrobe) 
8 Spot-Leiostomus .xctt~th~r~.us Lackpkde 
18 Croakers-Micropogon undulatus (Linnaeus) 
661 Oysters-Ostrea virgigrica Gmelin 
188 Crabs-Callineetes sapidus Rathbun 
Every effort was made to secure a large number of each species 
from the commercial watermen so that identical numbers could 
be used for each experiment. Unfortunately, the catch of fish 
was not consistent from day to day. Consequently, the number 
of fin-fish used varies from one experiment to another. Rock 
and trout were the most abundant of the fin-fishes with a supply 
of crabs and oysters available a t  all times. The fin-fish were 
purchased from local commercial pound net fishermen, crabs 
caught from local crab pots and trot-lines and the oysters 
dredged from nearby natural beds. 
Figure 2. 
Liveskiff, made from rowboat, being bowed from commercial net  to test 
area. Used to haul or store fish and crabs. 
An old rowboat was converted into a live box which could be 
towed behind a small motor boat (fig. 2).  Holes were bored into 
the bottom to allow the live box to submerge partially and per- 
mit an exchange of water when being towed. Two large screen 
doors, hinged on one side, covered the top. Live fish were trans- 
ferred by dip net from the fish pounds into the live box. The 
live box was then towed to the experimental area where the test 
animals were placed in cages. Crabs and oysters were trans- 
ported in bushel baskets. Because of the limited supply of fish, 
most experiment:: were conducted with animals secured the same 
day. Occasionally sufficient fish were obtained for a second day's 
experiment. The excess fish were held in the live box or, if 
numerous, transferred to a large live cage suspended from a 
barge. Excess crabs were stored in floats and submerged cages. 
This holding of test animals until the day following capture had 
no noticeable adverse effect. 
Through experience, improvements were made in cage con- 
structions, p lac i~g  of the range line and other general proced- 
ures. Originally, in 1944, the cages used were 4-foot cubes, con- 
structed of one-half inch galvanized rat  wire and supported by 
Figure 3. 
Type of Wire bag used to hold oysters during tests. 
a 2 x 4 inch wooden frame. One side was hinged, to be u s ~ d  as 
a door. Because of the buoyancy of the wooden frames, i t  was 
necessary to suspend iron weights from the bottom of the cages 
to sink them to the desired depth. A range line was suspended 
hetween two anchored buoys. Each cage was suspended from the 
range line by a rope, placed at  a measured distance from one end 
of the range line. Conical floats wEre also tied into the range 
line' directly above each cage to maintain the cages a t  a given 
depth from the surface. The explosive charge was similarly 
suspended by a buoy and at  a known distance from each cage. 
Both fish and crabs were placed in these suspended cages. Oys- 
ters were usually placed in flat bags made by folding a piece of 
two-foot poultry wire screen (fig. 3).  The oysters were lowered 
to the bottom a t  known distances from the point of detonation. 
Cooperating personnel of the Naval Ordnance Laboratory 
questioned the use of wood-framed cages in 1944. Former test- 
ing of underwater explosive indicated that the wooden frames 
could partially absorb the shock wave, introducing an error of 
variable magnitude, depending on the position of the test animal 
in relation to the wooden frame at  the time of detonation. This 
possible error and the difficulty experienced in handling the 
four-foot cages prompted the use of all-metal two-foot cages 
Figure 4. 
All-metal cage for holding experimental animals. Crusher gage 
suspended near the center. 
(fig. 4). These smaller cages were constructed of one-half inch 
mesh rat  wire, wired to one-quarter inch iron frames. The change 
to smaller cages greatly facilitated handling from small boats 
(fig. 5). An improvement was also made in the range line by the 
use of a steelcable instead of a rope line. The cable was stretched 
Figure 5. 
Lifting experimental cage atkached to buoyed range line. 
taut between two spherical metal buoys three feet in diameter. 
These buoys were firmly anchored. Small metal floats were 
attached to the cable a t  measured intervals from which the 
cages were suspended (fig. 6). 
Initial charges used near Cove Point were of du Pont Nitra- 
mon. Charges of TNT with one pound of Nitramon were used 
exclusively after the first five experimental shots, near Cove 
Point. All charges were detonated electrically. 
An additional refinement was made in 1945 by the use of NOL 
copper ball crusher gages, a device to approximate the maximum 
pressure created by the explosive. These gages are thick-walled 
Figure 6. 
Series of buoys on range line. Each buoy marks suspe~nsion point for 
an experimental cage. 
cylinders closed at  one end. A piston inside the cylinder is forced 
against a solid metal ball by the pressure wave. The deformation 
of the ball made by the piston striking it  is measured with a 
micrometer and converted into maximum pounds pressure per 
square inch. Gages were suspended by a string near the center 
of the cages (fig. 4). Only the maximum pressure was deter- 
mined. 
Experiments were also conducted to determine the possible 
cumulative effect of more than one explosion on the same group 
of animals. After placing the animals in cages, three charges 
were detonated. Upon the completion of each explosion or series 
of explosions, the cages were lifted to the surface and the im- 
mediate visible effects noted. All dead specimens were removed 
for examination of internal organs. The surviving animals were 
held in their respective cages for further observations. If mor- 
tality occurred during the time these animals were being held, 
a post-mortem examination was conducted as soon as possible. 
Internal examinations were made of all test and control animals 
surviving a t  the conclusion of each experiment. The data sub- 
mitted herein are confined to external symptoms and, in the 
case of fin-fish, gross exaninations of the abdominal vein, swim 
bladder, spleeri and liver. Specimens of spleen and liver tissue 
were fixed'for more detailed histological examinations, to be 
reported later. 
PI-IYSICAL ASPECTS 
The detonation of a high explosive underwater generates a 
pressure or shock wave which rises almost instantaneously to a 
maximum pressure, then decsys exponentially, under ideal con- 
ditions. This peak pressure is a function of the type of charge, 
its weight, and the distance from the charge; i t  is larger for 
larger charge weights a t  a given distance and decreases for in- 
creasing distances from a given charge. The decay time increases 
as the shock wave travels away from the point of explosion, and 
a t  a given distance from it, is greater for greater charge weights. 
A point a t  some distance from an explosion between the sur- 
face and the bottom is subjected to a direct wave, to a wave re- 
flected off the bottom and to a wave reflected off the surface, as 
well as to multiple reflections between the surface and the 
bottom. Both reflected waves reach the point later than the 
direct wave. A wave rexh ing  the bottom is partially absorbed 
in the ground ; that  which is reflected is generally small in ampli- 
tude compared with the direct wave and reinforces the direct Q 
wave a t  the point in question. The surface-reflected wave, how- 
ever, undergoes a phase inversion a t  the surface and tends to 
cancel out the direct wave. Thus, if the time between the arrival + 
of the direct wave and the surfzce-reflected wave is short enough 
(and this is quite possible if the distgnce is large with respect 
to the depth of the receiving point 2nd the charge) the exponen- 
tial decay is interruped, 2nd the pressure decreases suddenly. 
Hence, the total momentum of the shock wave (a function of the 
pressure and the decay time) is less than that  if the decay con- 
tinued uninterrupted, even though the original peak pressures 
are the same in both instances. In general, the pattern of waves 
produced by underwater explosions is quite complicated because 
of the geometry of the system, wave velocities, and elastic prop- 
erties of the bottom. 
In determining the eff~cts  of underwater explosions on aquatic 
life, a criterion of damage-some property of the shock wave- 
is desirable in order to compare results. This criterion may be 
peak pressure, momentum, or energy (a  function of the decay 
time and the square of the pressure). In the present tests, re- 
-I sults are compared on the basis of peak pressures. However, 
this may not be the principal cause of damage. If momentum 
is a better criterion, the effects of surface-reflected waves for ,  
1 distances around 150-200 feet and greater become significant 
for charges and fish a t  15-foot depths. 
I t  is apparent that if peak pressure is the principal cause of 
damage to aquatic life, it is relatively safe to use the present 
results to predict the effects of charges of different size a t  differ- 
DISTANCE, FEET 
Figure 7. 
Approximate relation between maximum pressure and distance, 
from crusher gage data. Note the rapid decay from 30-pound ch~arges 
and the relatively sniall increase resulting from 30-pound charges a t  
300 and 400 feet, a s  compared with the pressure from 30-pound 
charges. 
ent distances. However, since this is not known for certain, i t  
is perhaps better to apply the results only to the stated test 
conditions. Further work might clarify this point. 
Calculated peak pressures for the test conditions are indicated 
in figure 7. The experimental points were determined by the 
use of copper-ball crusher gages. There is some uncertainty both 
in the calculated values and the experimental values because the 
distances involved were very large compared to the charge radii. 
OBSERVATIONS 
Observations were made of the effect of underwater explosions 
on oysters in seven of the tests. All oysters used were taken 
from local bars a t  the mouth of the Patuxent River and were 
mostly large old specimens. When young oysters were found 
attached to the larger ones, they were entered along with the 
others. No instance of damage to the young oysters (under 2 
inches) was observed. Results of each shot are tabulated here- 
with. 
The results of these tests with oysters are not as clear cut as 
had been anticipated and can not by any means be considered 
conclusive. They serve, however, as a limited indication of the 
effect of underwater explosions on this species, Ostrea virgin- 
ica, and should prove of value in the planning of future experi- 
mental studies. 
TABLE 1 
RESULTS O F  OYSTER EXPERIMENTS 
(Date and conditions of each experinlent are  listed a t  t h e  head of 
each set of da ta )  
A-7-16-44: Off Cove Point. Approximately 40' depth. Five oysters placed 
in each 4' x 4' x 4' wood-framed wire fish cage suspended a t  11' 
to center of cage. Five pound charge fired with no apparenh 
damage to any species. Second charge of 27 pounds fired a t  
30 feet depth. 
Distance from Initial 
Charge Observation, 7-16 Observation, 7-18 
Live Dead Live Dead 
100' 4 1 " 4 0 
200' 5 0 5 0 
300' 5 0 5 0 
400' 5 0 5 0 
700' 5 0 5 0 
" Animal gaping. Shell removed af ter  short interval and 
heart  still beating. No visible rupture. 
B-7-17-44: Off Cove Point. One cage with 25 oysters pl~aced 35-40 feet 
from 27-pound charge. None dead after 24 hours interval. 
C-8-19-44: River above Point Patience. Bags of 5 oysters each down on 
bottom on 8-17 and undisturbed until shot fired on 19th. 31 
pound Nitramon suspended. 
Distan,ce from Initial Observation 
Charge 1 hour after shot 
Live Dead 
D-6-21-45: "Shot 5." Oyslters down 24 hours before explosion. Bags on 
bottom. Newly dredged oysters. 30-lb. charge suspended. 
Distance from Initial Observation 
Charge Observation, 6-21 2 weeks 
Live Dead Live Dead 
381' 20 0 
Control bags 
(Lab. Pier) 100 0 
E-10-5-45: "Shot 16." Drum Point. Approximately 30' depth. Oysters 
dredged two weeks previously and held in bags. Placed on 
bottom 4 hours before explosion. 300-pound charge TNT sus- 
pended 15 feet. 
Distance from Initial Obser- 2 weeks Obser- 6 weeks Obser- 
Charge vation, 10-5 vation, 10-18 vation, 11-16 
Live Dead Live Dead Live Dead 
25' 19 1 17 2 15 2 
50' 19 0 16 3 13 3 
100' 23 1 21 2 19 2 
200' 20 0 19 1 18 1 
400' 20 0 20 0 18 2 
960' 20 0 19 1 16 3 
Control 
(Lab. Pier) 20 0 20 0 lost 
F-10-6-45: "Shot 17." Drum Point. Oysters newly caught and down one 
hour before shot. Bags on bottom. 300-pound charge TNT 
suspended 15 feet. 
Distance from Initial Obser- 2 weeks Obser- 6 weeks Obser- 
Clharge vation, 10-6 vation, 10-19 vation, 11-17 
Live Dead Live Dead Live Dead 
2 5' 21 0 21 0 20 1 
Contr,ol 
(Lab. Pier) 30 0 30 0 27 3 
G-10-30-45: "Shot 18." Drum Point. Oysters in 2' metal-framed wire 
cages 22 feet down in 30 feet of water. 30-pounds charge. 
Distance from Initial Obser- 
Charge . vation, 10-31 
20' 20 0 
3 0' 20 0 
80' 19 1 
150' 20 0 
200' 20 0 
Observartion made several weeks Zater disclosed no fur ther  
deaths. Date of this second observation was not recorded. 
Immediate oyster mortality f'rom explosions appears to  be 
little influenced by the effects of handling and holding the oys- 
ters. Available data show that two out of 106, or slightly under 
276, of the oysters exposed to  charges of 27-31 pounds within a 
100-foot radius were gaping. This loss occurred only within the 
suspended cages. Using charges of 300 pounds, there were four 
out of 184, or less than 2.276, killed within 200 feet of the 
charge. All oysters exposed beyond the limits given remained 
alive a t  the time of the initial observation. 
Deaths occurring within a two-week period after exposure 
indicate that fatal injury may result over approximately the 
same area as that  where initial losses were observed. Such a 
two weeks' record was made for only one of the 30-pound charges 
which had caused no initial deaths. In this instance, there is no 
significant indication of injury caused by the explosion. Losses 
umong the controls we're so high as  to render the results some- 
what obscure. With the two 300-pound charges, more carefully 
selected vigorously growing oysters were used. Deaths among 
these over the two-week period all occurred within the 200-foot 
radius except for assingle dead oyster found in a bag exposed a t  
a distance of about 960 feet. Excluding this one, it was found 
that the two weeks' loss was 5.476, or a little more than double 
that  observed immediately after the explosion. Although no 
deaths were found among the controls, there may have been 
some loss from other causes among the more numerous exposed 
oysters. 
Oysters under natural conditions are usually partly buried in 
the bottom or partly covered by old shell or other oysters. Their 
heavy valves or shells gape open some 3/16 inches a t  the "bill" 
or margin away from the hinge when the oyster is feeding, but 
may be closed firmly with a water-tight seal by means of the 
powerful adductor muscle. Under summer conditions, oysters 
have been found to remain open 94.3% of the time. (Loosanoff 
and Nomejko, 1946). They respond to underwater disturbances 
by voluntarily closing the shells and when so closed should be 
quite resistant to external shock or pressure. 
The complex picture of interference by reflected shock waves 
from the surface and bottom, shadows from bottom objects, 
texture of bottom, roughness of water surface, and drag of wave 
front along the bottom is further complicated by the shape and 
position of the oyster's shell and whether the wave approaches 
towards the side. hinge or bill. Oysters placed in cages or bags 
are in random positions. I t  is not surprising that  the effects on 
oysters should be somewhat erratic. 
The oysters used, as  previously noted, were mostly old and 
showed little recent growth. Losses among the control oysters 
which had not been subjected to the effects of explosions were 
sufficiently high to render doubtful the results of observations 
after a longer interval than two weeks and such data have been 
excluded from this discussion. Removal from the natural bed, 
mechanical injury, change of position, or restriction of shell 
movement while in the bag, may all have influenced the results 
observed. Oysters usually resume shell movements shortly after 
they have been returned to the water, but handling may have 
increased the number of oysters in the experimental bags which 
had the shells closed a t  the time of firing the shot. To reduce 
this possibility, oysters were put in position and left undisturbed 
from one hour to two days before the explosion. 
At one of the locations where a series of 18 shots was fired 
over the same spot, i t  was found that the bottom supported a 
sparse population of native growing oysters, too barren, how- 
ever, to be classified as  natural oyster rock. Dredge samples from 
an  area approximately centered around the point of suspension 
of the charges were made during the series of shots and about 
two weeks after the last firing. A number of live oysters was 
caught but no dead ones. Directly beneath the explosive charges, 
the bottom was churned up over a small area and no oysters 
were found here after the explosion. If any had been present 
and survived the shock a t  this location, they would have eventu- 
nlly smothered. Accumulations of dead menhaden on the bottom 
frequently made sampling by oyster dredge difficult and indi- 
cated that this species of fish may be killed in larger numbers 
than would be estimated from the dead fish which float to the 
surface. 
The results of the observations indicate that over a limited 
area a relatively small percentage of the oysters present is killed 
by underwater explosions and that many may survive even when 
quite near the charge. Oysters growing naturally probably are 
less damaged than those which have been taken up from the 
bottom and placed in cages or bags. Increasing the size of the 
explosive c'harge did not greatly increase the percentage killed 
or the radius of lethal effects. 
More accurate data could be had by selecting medium sized 
actively growing oysters which show no evidence of injury and 
preferably have been held on trays for some weeks prior to the 
experiment. Prior to the explosion, the oysters should be placed 
on the bottom in flat wire trays so that they do not overlie or in 
any way interfere with one another in shell movement. Groups 
in different known positions and placed overboard a t  varying 
time intervals should be arranged a t  the same distance from 
the charge so that the effect of these factors can be evaluated. 
All controls should be handled and held in exactly the same 
manner as the exposed oysters. Physical data on the nature of 
the shock wave, including its peak pressure and duration, should 
be accurately determined for each experimental firing. Many 
additional observations are needed over different type bottoms, 
a t  different seasons of the year, and with the  charges fired a t  
varying depths in order to evaluate more fully the effects of 
underwater explosions upon this species. 
Crabs, like oysters, are typically bottom dwellers, and the 
study of the effects of explosions on wild crabs is subject to all 
of the difficulties mentioned in the section on oysters. The aber- 
rations accompanying pressure wave transmission through near- 
bottom water, especially over varying bottom, can not be pre- 
dicted with accuracy. These limitations were not realized in the 
early field operations, and observations were limited to crabs 
held in cages or crab pots resting on the bottom. Later, a few 
crabs were suspended near mid-depth in cages containing crusher 
gages, but these observations were so so few in number and so 
inconsistent in results as to be quite inadequate. Results to date 
are useful only for (1) suggestions in techniques and (2) very 
broad generalizations on the lethal effects of the explosions. 
Blue crabs, Callinectes sapidus Rathbun, were obtained from 
commercial trot-lines or pots. Pots are not a satisfactory source 
of crabs for experimental work since the confined crabs and 
carnivorous fish frequently injure specimens. Perhaps the best 
method of collection is by trotline, "gloving" the claws of each 
individual crab as it is caught, thus reducing biting damage to 
a minimum (fig. 8). Thesa crabs can be held safely in baskets 
Figure 8. 
Blue crab "gloved" with rubber tubing to elimina$e damage from biking. 
, for one day when they are kept cool and damp, or overboard in 
cages for seyeral days. 
In selecting animals for these tests, attention must be given 
to a t  least three factors: size, sex and fatness or post-molting 
period. Differences in susceptibility related to size and sex are 
not known, but may exist. The exoskeleton of crabs varies from 
very soft, just after ecdysis, through a thin brittle "paper" stage 
to the heavy hard condition present a few weeks after shedding. 
Susceptibility to the pressures resulting from explosion would 
presumably vary accordingly. These variables, when tested with 
the additional variable of distance, require large numbers of 
experimental animals. 
Although hundreds of animals must be exposed and observed, 
overcrowding in each cage must be carefully avoided. The an- 
imals in a cage on the side nearest to  the charge may shield 
some of the others from the pressure wave to some extent. The 
number of animals per cage should be limited to that  which can 
be spread out without introducing this particular source of error. 
Exact number will be determined by the cage size as well a s  by 
the desired number of observations. 
The physical effects of explosions on crabs are not so obvious 
as those on fin-fish. Several visible types of damage were noted, 
but many of the crabs killed showed no macroscopic changes. 
The observable damage included the loss of part or all of the 
carapace, cracking of the carapace, heart rupture, broken spines 
and, very frequently, autotomous loss of one or both claws. 
TABLE 2 
EFFECT OF 30-LB. CHARGES ON BLUE CRABS, Cal[i?zectes sapidus RATHBUN, 
HELD I N  CAGES ON T H E  BOTTOM. SUMMAIZY OF FOUR TESTS: 
Distance from charge No. held % killed % surviving 
25' 37 89% 11% 
50' 55 38Yo 62 % 
75' 22 55% 45 70 
100' 37 38Yo 62 70 
125' 23 48 Yo 52 % 
150' 14 7 7% 93 % 
The results obtained are summarized in table 2. The earlier 
test'firings suggested that lethal damage was limited to the first 
150 feet, somewhat closer than the damaging range for fin-fish. 
Further experiments were carried out a t  the distances indicated 
in the hope that  the lethal range could be more sharply deline- 
ated. As recorded in the table, about 90% of the animals were 
killed a t  25 feet, under peak pressures exceeding 800-900 pounds- 
/in.2, and very few died a t  150 feet, where pressure reached about 
270 pound~/in.~.  Intermediate distances gave surprising results, 
marked by the absence of any trend. This erratic variation may 
be due to the irregular transmission of the shock wave along the 
bottom or to  other unestablished causes. No relationship between 
sex, size or exoskeletal coridition and susceptibility was apparent 
from the data. 
Crabs were held in suspended cages for two charges, but the 
I 
total number of specimens was too small to be of significance. 
Further tests will be conducted, using large numbers of an- 
1 imals suspended a t  intermediate depths a t  distances of 25-200 j feet from the charges. Each variable in the condition of the 
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animals will be examined, and it should be possible to arrive a t  
r good generalizations concerning the susceptibility of crabs under these experimental conditions. It is not expected that 
completely accurate estimates of the effect of explosions on 
bottom organisms will be possible until f a r  more is known of 
the physical aspects of underwater and near-bottom pressare- 
wave phenomena. 
I FISH 
I General: Of the five species included (see p. 8) ,  only trout and 
rock were available in adequate numbers and these two forms 
provided the statistical data. The sexes were about equally 
represented and sizes were in the intermediate adult range as  
captured commercially (trout averaged 32 cm. and rock 33 cm. 
in length). Since there were not enough fish to allow separate 
treatment as regards sex and sizes, these two variables have 
been ignored. 
TABLE 3 
NUMBERS OF EXPERIMENTAL FISH INJURED AT VARIOUS 
DISTANCES FROM POINT OF EXPLOSION 
INCLUDES ALL DATA FOR ALL SPECIES 
Trout * Rock * Croaker Spot Menhaden 
Distance No. of 
(feet) charges K ID IR N K ID IR N K I N K I N  K I D  IR N 
A. 28 to 32 lb. charges fired singly 
B. Three 28 bo 32 lb. charges fired in succession 
100 1 3 0 0 0  
150 1 3 0 0 0  2 0  0 0  
200 1 2 1 0 0  
250 1 2 1 0 0  2 0  0 0  
300 1 2 1 0 0  0 1  0 0  
350 1 1 2  0 0  0 2  0 0  
400 I 0 0 4 0  
450 1 0 1 2 0  0 0  2 0  
C. 301 to 303 Ib. charges fired singly 
314 2 0 6 0 0  0 3  0 0  
450 1 0 3 0 0  0 2  0 0  
640 2 0 0 5 0  0 0  1 1  
961 2 0 0 0 6  0 0  0 1  
1330 1 0 0 0 3  0 0  0 1  
* ID and IR contain adjusted I figures as well as field workers' ID and IR. 
K-Killed outright ID-Injured, later died 
N-Apparently normal IR-Injured, later recovered 
Each fish was examined after exposure and the observable 
injury noted. Later each fish was assigned to one of the follow- 
ing categories : 
K-Killed outright (dead on first inspection) 
ID-Injured badly, later died 
In-Injured, later recovered 
N-Normal in appearance, externally and internally 
It should be mentioned in this connection that inclusions in 
some of the categories may be subject to a small degree of un- 
avoidable error. Group K intrinsically involves no error. Groups 
ID and 1K. include many cases of adjustment, that  is 137 of a 
total of 183. Because of conditions in the field, it was not always 
possible to  hold injured fish long enough after the explosion to 
establish eventual death or recovery. Thus, many specimens 
fell into an intermediate category I-Injured. These fish were 
killed by the field workers, then opened and the observable dam- 
age to the viscera recorded. Some of then1 would have died and 
some could have recovered if held for a sufficient time. In order 
to have total experimeiital data in a form suitable for statistical 
treatment, i t  was considered highly desirable to break down the 
I category by distributing i ts  contents to ID and IR in a manner 
involving the least likely error. Fortunately, there were enough 
actual instances of injured fish observed to die later (31) and 
of those observed to show definite signs of recovery (15) that i t  
was possible to differentiate degrees of injury peculiar to each 
of the two categories. A laborious listing of field descriptions 
of symptoms of injury to each organ and a classification of these 
descriptions as to degree of seriousness provided a tool by which 
i t  was entirely feasible to sort I into ID and IR. An I fish with 
yymptoms comparable to known ID fish was sorted into the ID 
column. Similarly, an I fish with synlptoms coniparable to known 
IR fish was sorted into the IR column. This method of sorting 
would seem to have a high probability of validity, notwithstand- 
ing a few borderline cases. Chances of error in N group are 
consideral~ly more remote than in the ID and Ill groups, since 
only those fish which were normal in action and external and 
internal appearances were herein included. 
Lethal rnyzge h~ species: Tables 3 and 4 include data on the 
various species regarding regative mortality by distance and 
weight of charge. For all species, the extreme limit where some 
proportion was killed outright by 30-pound charges fired singly 
was 200 feet, with tlie exception of one croaker killed a t  300 
feet. When trout and rock were subjected to repeated shocks 
of three 30-lb. charges fired in succession, the immediate lethal 
range for the trout was extended to 350 fcct (100% K) and for 
rock 250 feet (100% K).  No trout or  rock were killed immedi- 
ately a t  any of the distances, frol~l 314 to 1330 feet, where 300- 
lb. charges were employed. Within the 200-foot range of single 
TABLE 4 
PERCENTAGE INJURY TO TROUT AND ROCK AT VARIOUS 
DISTANCES FROM SHOT POINT 
TROUT ROCK 
Distance Total % % % 7h "o % Total % 70 % % "o % 
(feet) # K I D  K f I D  IR N IR+N # K ID K+ID IR N IR f N 
A. 28 t o  32 lb. charges fired singly: 
2 100 0 100 0 0 0 
90 35 3 0 100 100 0 0 0 3 100 0 100 0 0 0 
100 23 44 39 83 17 0 17 16 94 6 1 0 0  0 0 0 
LOO 27 4 74 78 18  4 22 18 22 50 72 28 0 28 
250 4 0 0 0 100 0 100 4 0 100 100 0 0 0 
290 3 0 0 0 100 0 100 3 0 0 0 67 33 100 
300 26 0 50 50 42 8 50 20 0 20 20 75 5 80 
350 4 0 0 0 0 1 0 0 1 0 0  4 0 0 0 0 1 0 0 1 0 0  
400 19 0 21 21 63 16 79 14 0 14 14 22 64 86 
490 3 0 0 0 33 67 100 3 0 0 0 0 100 100 
d30 5 0 80 80 20 0 20 3 0 77 77 33 0 33 
600 1 0 0 0 100 0 100 
690 3 0 0 0 0 100 100 3 0 0 0 0 100 100 
700 5 0 80 80 20 0 20 1 0 100 100 0 0 0 
890 3 0 0 0 0 1 0 0 1 0 0  3 0 0 0 0 1 0 0 1 0 0  
B. Thr,ee 28 t o  32 Ib. charges fired repeatedly: 
100 3 100 0 100 0 0 0 
150 3 100 0 100 0 0 0 2 100 0 100 0 0 0 
200 3 67 33 100 0 0 0 
250 3 67 33 100 0 0 0 2 100 0 100 0 0 0 
300 3 67 33 100 0 0 0 1 0 100 100 0 0 0 
350 3 33 67 100 0 IJ 0 2 0 100 100 0 0 0 
400 4 0 0 0 100 0 100 
450 3 0 33 33 67 0 67 2 0 0 0 100 0 100 
C. 301 to 303 lb. charges fired singly: 
314 6 0 100 100 0 0 0 3 0 100 100 0 0 0 
30-lb. charges, trout and rock differed markedly in the relative 
numbers killed outright and injured-died: 
"" K ID 
Trout 24% 56% 
Rock 59 % 2770 
Rock were definitely more susceptible to instant death, whereas 
a higher percentage of trout was severely injured rather tlian 
killed immediately. This condition, where the trout appears to 
be hardier than the rock, holds true only a t  the closer range. 
The difference between the two in susceptibility to lethal effects 
is difficult to analyze until percentages are taken of K and ID 
combined, and compiled in relation to distance classes. When 
TABLE 5 
NUMBER AND PERCENTAGE O F  TOTAL DEATHS I N  100-FOOT 
DISTANCE CLASSES 
Distance TROUT ROCK TROUT & ROCK 
class Total # % - Total # YO Total # yo 
(feet) # K f I D  K+ID # K+ID K+ID # K +ID K+ID 
A. 28 to 32 lb. charges fired singly: 
1-100 28 24 86 19 19 100 47 43 91 
101-200 27 21 78 18 13 72 45 34 75 
201-300 33 13 39 27 9 33 60 22 37 
301-400 23 4 17 18 2 11 41 6 15  
401-500 8 4 50 6 2 33 14 6 43 
501f 12 4 33 7 1 14 19 5 26 
B. Three 28 to 32 lb. charges fired in succession: 
C. 301 to 303 Ib. charges fired singly: 
1-300 
0 100 200 300 400 500 
DISTANCE IN FEET 
Figure 9. 
Percentage of rock and trout injured fatally in various distance 
zones from a 30 pound charge. "Fakalities" includes both khose killed 
outright ( K )  and those injured and later dying ( I D ) .  From table 5) .  
this is done (table 5, also fig. 9), it is indicated that trout are 
slightly more susceptible to injury in all distance classes beyond 
100 feet. If this tendency is significant, a tentative explanation 
may come from consideration of the physical make-up of the 
two fish (see later section on observable body damage). Rock 
are generally sturdier, firmer-fleshed fish with firnily attached 
scales. Conversely, trout are softer-bodied and lose scales very 
easily. Softer flesh may receive shock waves with less immedi- 
ate danzage, whereas scale loss plus internal injury would cause 
slower acting, metabolic disturbance. This explanation is tenta- 
tive. 
When trout and rock data are combined (292 fish) into per- , 
centage fatalities by distance class, as in table 5 and figure 10, 
the results serve to reveal the lethal tendencies applicable to 
these two species and possibly to fish in general when subjected 
to 30-110. explosive charges under similar conditions. From such 
presentation may be deduced the following generalizations : 
(a) The relation between per cent fatality and distance up 
to 400 feet from shotpoint app~oaches a straight line. 
'0° " TROUT + R O C K  
0 100 200 300 : 400 500 
DISTANCE IN FEET 
Figure 10. 
Combined rock and trout fatalities in various distanct zones f rom 
30 pound charge. (From table 5). 
(b) Considering 400 feet as a total unit of distance, the per 
cent fatality tends to hold a direct inverse relationship 
to  distance. 
(c) Beyond 400 feet, there may be another relationship. 
Since there are not enough data beyond 400 feet, the 
cause of the relationship can only be conjectured. One 
guess mould presume an augmentation of shdck-wave 
effeet beyond 400 feet, perhaps due to refiected or re- 
fracted waves tlzrough the ground. The bottom was at 
a relatively shallow depth (ca. 40 feet) for  the distance 
involved. 
Relation between distwlce und extent of injury. The extent of 
injury referred hereto is analyzed in terms of number and per- 
centage of fish falling into the four already familiar categories, 
K, ID, IR and N. The pertinent data are presented in table 6, 
a s  well as in figures 11, 12 and 13. 
TABLE 6 
DISTRIBUTION OF INJURIES IN  100-FOOT DISTANCE CLASSES 
(28 TO 32 LB. CHARGES) 
A. T ~ o u t .  
Distance % % % %  
(feet)  Total K ID IR N Ei ID IR N 
1-100 28 12 12 4 0 43 43 14 0 
B. Rock. 
Distance % % % %  
(feet) Total K ID IR N K ID IR N 
C. Trout and Rock. 
Distance 
(feet) 
1-100 
101-200 
201-300 
301-400 
401-500 
501 + 
For purposes of discussion, we may consider a hypothetical 
case of an  explosion of a small charge in a limitless expanse of 
water. Let us assume that  beginning with the detonation, an 
instantaneous intense pressure wave is initiated a t  the shotpoint 
which travels in all directions out through the water, but under- 
goes a n  orderly decrease in intensity and finally expends itself 
with distance. If fish were present a t  regular intervals from 
the shotpoint, a logical expectation would be to find some pattern 
of fish injurf changing from kill in the critical zone near shot 
point to normal a t  some pressure intensity farther distant. This 
pattern could express itself in a variety of ways. The simplest 
would be sharply defined, non-overlapping zones of K, ID, IR and 
N, in that  order. More complicated patterns would have various 
but orderly combinations of the  four categories in each zone. 
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-- - - INJURED -RECOVERED 
. . . . . . NORMAL 
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Figure 1,l. 
Distribution of injury classes in relation to 190 foot distance zones 
for  rock. Note the successive dominance of each injury class with 
increase in distance, as  in figures 12 and 13. (From table 6) .  
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Figure 12. 
Distribution of injury clases in relation to distance zones fo r  
trout. (From table 6 ) .  
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Figure 13. 
Distribution of injury classes in relation to distance zones fo r  
boith species. (From table 6 ) .  
3 1 
We assume that  the pattern would display orderly progression 
since we have previously assumed orderly decrease in intensity 
of the pressure wave. 
I t  is evident from the results of the present experiments that  
for the 30-pound cha~ge ,  there are no sharply defined injury 
zones such as are indicated in the simplest injury pattern of the 
hypothetical case just described. There is, however, an observ- 
able trend to form an orderly injury pattern of an overlapping 
boundary type. This trend is clearly seen in the rock data (fig. 
l l ) ,  and is recognizable in the trout data (Hg. 12). (The appar- 
ent exceptions beyond 400 feet will be considered separately.) 
To clarify the nature of this pattern, i t  will be worth while to 
consider "curves" for rock and trout individually as  well a s  the 
two combined. 
An examiliation of the rock data in tabular and graphic forin 
(table 4b, fig. 111, where percentages of fish sf each category 
are given as functions of distance classes or zdnes, shows that  
each zone is characterized by a domillant injury category includ- 
ing 50% or more of the fish used in that  zone. The order in 
which the categories appear in their respective modes are: 
Zone l - K 
Zone 2 -ID 
Zone 3 - IR 
Zone 4-N 
Although no zone contains only one category of injury, there is 
a decided succession of frequencies moving from K through ID 
and IR to N as greater distance from shotpoint is attained, up 
to 400 feet. The second modes of the ID, IR and N data beyond 
400 feet do not bear out the fundamental pattern in that  ID and 
IR show a reversal of expected dominance in Zones 5 and 6, 
whereas N conforms. To theorize a bit further for an explana- 
tion of this, let us assume that  there was an increase in pressure, 
but not to the K critical threshold, a t  some point within the 500 
foot zone. Then it would 73e expected that  the N frequency would 
drop below its previous mode and that  the ID and IR frequencies 
would rise, with IR dominant over ID. The fact tha t  ;D, in 
actuality, is doniinant over IR may result from insufficient data. 
Zone 6 is not strictly comparable to the other zones since i t  in- 
cludes a greater distance segment and fewer fish; the ID plot 
in that  zone is based on but a single specinzen. 
When trout (table 6, fig. 
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When trout (table 6, fig. 12) are conipared with rock, it is 
found that  their injury pattern is more attenuated. The order 
of the category modes appears as: 
Zone 1 -K and ID 
Zone 2 - ID 
Zone 3 - IR 
Zone 4 - IR 
Zone 5 -ID 
Zone 6 - N 
A conclusion to be drawn from this is somewhat similar to 
one set down in the previous section; i.e., trout are less suscepti- 
ble to immediate kill, but more susceptible to injury throughout 
all zones (50% or more are injured through the 6th zone). In- 
spection and interpretation of Zone 5-dangerous because of 
short data-strengthens rather than weakens this conclusion. 
For if the assumption is ccbrl-ect that  there was a rise in pressure 
in this zone, then trout have responded to i t  more noticeably 
since ID rises dominantly while IR maintains a position not ex- 
ceeded by N. The relative parts that  primary explosion-induced 
and secondary metabolic-disturbance factors play in the attenua- 
tion is impossible to assay from the limited information a t  hand. 
Trout and rock data have been treated in combined form 
(table 6, fig. 13) as  a matter of interest in presenting an ap- 
proach to e~olving an injury (or response) pattern possibly 
applicable to  mixed species populations. The combination well 
illustrates a "typical" overlapping frequencies pattern midway <- 
between attenuation and compression. 
The zones used in this analysis have been arbitrarily selected; 
the actual positions and slopes of the curves are but broadly 
indicated. There may be cases where the acting force is reduced 
or cancelled out as is suggested by the data a t  350 feet where 
100% of the rock (4 fish) remained normal and again a t  490 
feet (3 normal rock). There also inay be cases where the acting 
force is augmented, examples of which have been suggested pre- 
viously. There is very little knowledge of the importance of a 
number of variables, some of which may be cited: depth of fish 
in the water, weight and type and depth of charge, type of 
bottom, depth of bottom, effect of water temperature stratifica- 
tion on traiismission of the lethal factor, shading- effect on fish 
behind fish or other objects, orientation of fish within the effec- 
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tive ranges, quantity of fish, and physical condition of the fish. 
Some or all of these variables may have significance. 
Macroscopic damage to  iish: A. General-When an injured 
fish was opened, the observers recorded the damage apparent to 
the naked eye, using descriptive terms which could be quantita- 
tive and qualitative only in a very general way due to lack of 
precise methods of measurement and to the lack of adequate ter- 
minology. Findings dealt with here are concerned largely with 
observable macroscopic damage to the principal organs easily 
seen in the open body cavity. Undoubtedly, there were also de- 
grees of shock to the nervous system, injury to cellular struc- 
ture, and some effect on the more deeply imbedded blood vessels. 
Relative damage for each species could be discerned from the 
field observations when : 
1. A list. of all descriptive terms was drawn up. 
2. Each term was assigned one of four injury values: 
none (OK), slight (LI) , moderate (MI), severe (SI) 
3. Tables were constructed for trout and rock to show 
the distribution of relative damage effects to the prin- 
cipal organs in relation to the four injury categories, 
I, ID, IR, N. (tables 7 and 8) 
B. Nature of organ damage. 
In general, the main organs affected appeared to be the swim 
bladder, liver, spleen, unprotected blood vessels, and ripe gonads. 
In some cases of extreme injury, the abdominal body wall would 
split open. Occasionally, a portion of the viscera would extrude 
through the genital or anal orifice. The degree of injury to a 
particular organ can be expressed, in order of decreasing seri- 
ousness, a s  follows : 
1. Complete, irreparable rupture, accompanied by exten- 
sive hemorrhage cf associated blood vessels. 
2. Lesser rupture ; tearing of supporting mesentery ; vas- 
cular damage. 
3. Distension; some vascular hemorrhage. 
4. No organ damage; some hemorrhage. 
5. No organ damage; slight hemorrhage or distension 
of the surface capillaries. 
I t  is not known whether rupture of the swim bladder and ab- 
dominal wall is caused by pressure from witl~out or frcm within. 
Post mortem observation 
swim bladder were turnec 
vessels in the wall of thc 
dominal cavity. 
C. Organ damage in 
Tables 7 and 8 give I 
associated with the four 
of severe injury to one c 
much blood due to sevej 
niediately or within a sho 
d short of this in severity 1 
to ultimate death. With 
loss of blood, injuries rr 
recover. Moderate or b: 
usually lethal. Apparentl. 
will not necessarily c a w  
remains intact. Several 
bladder were noted in fisl 
There are 32 possible 
four organs are consider 
recognized. For the ben 
to deal with explosive ef? 
lish a rule of thumb to c 
ular fish under examinat 
occasional exceptions, bu 
one c r  more organs are E 
nition in table 9, the fish 
killed outright. If no org 
I w s  are rncderately d 
and will die frcm its inj 
erately damaged, but on( 
I 
can be pssumed to beloll 
If there is no recognizz 
normal. For field use, a I 
useful in the classificatic 
system has been develop 
for application to furthe 
recognize and accuratelj 
mount importance; liowc 
nd physical condition of the fish. 
may have significance. 
A. General-When an injured 
recorded the damage apparent to 
e terms which could be quantita- 
Uery general way due to lack of 
t and to the lack of adequate ter- 
here are concerned largely with 
: to the principal organs easily 
~ndoubtedly, there were also de- 
ystem, injury to cellular struc- 
deep ly  imbedded blood vessels. 
ies could be discerned from the 
! terms was drawn up. 
ed one of four injury values: 
, moderate (MI), severe (SI) 
d for trout and roch to show 
ive damage effects to the prin- 
to the four injury categories, 
ind 8) 
ckd appeared to be the swim 
:load vessels, and ripe gonads. 
ie abdominal body waII wo~lld 
of the viscera would extrude 
. The degree of injury to a 
in order of decreasing seri- 
ture, accompanied by exten- 
'ated blood vessels. 
' su~porting mesentery; vas- 
hemorrhage. 
Ilernorrhage. 
hemorrhage or distension 
f the swim bladder and ab- 
3m without a r  frcm within. 
Post mortem observa~tion showed that  the edges of holes in the 
swim bladder were turned outward and that  blood from broken 
vessels in the wall of the bladder had been blov~ai into the ab- 
, dominal cavity. 
C. Organ damage in relation to  K, ID, IR and N. 
Tables 7 and 8 give perctntages of relative organ injuries 
associated with the four categories, R, ID, IR and N. In  cases 
of severe injury to one or more organs accompanied by loss of 
much blood due to severe vascular damage, death ensued im- 
mediately or within a short space of time. A condition somewhat 
t short of this in severity left the fish in serious condition, doomed 
to ultimate death. With lesser organ damage and little or no 
loss of blood, injuries might be reparable and the fish might 
recover. Moderate or  bad damage to a main blood vessel is 
usually lethal. Apparently inoderate damage to the swim bladder 
will not necessarily cause death so long as the vascular system 
remains intact. Several cases of definite repair of the swim 
bladder were noted in fish held for observation. 
There are 32 possible combinations of organ damage, if only 
four organs are considered and if four degrees of damage are 
recognized. For the benefit of anyone who may liave occasion 
to deal with explosive effects on fish, i t  may be useful to estab- 
lish a rule of thumb to determine the probable fate of a partic- 
ular fish under examination. The following generalizations have 
occasional exceptions, but appear to be 80-90% accurate. When 
one c r  more organs are severely damaged, according to the defi- 
nition in table 9, the fish will belong in the K category, tha t  is, 
killed outright. If 110 organ is severely damaged but one or more 
v b g a n s  are moderately damaged, the fish is in the ID category 
and will die frcln its injuries. If no organ is severely or  mod- 
erately damaged, but one or more are lightly damaged, the fish 
I 
can be zssumed to belong in the IR category and will recover. 
I If there is no recognizable damage to any organ, the  fish is 
normal. For field use, a numerical scoring system would be very 
useful in the classification of fish injured by explosion. Such a 
I 
system has been developed on a tentative basis, to be improved 
I 
1 
for application to further explosion expe1,irnents. The ability to 
reco,gnize and accurately record degrees of injury is of p a n -  
t niount importance; however, i t  is difficult tc, avoid loose termi- 
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TABLE 9 
Severely 
SEVERE ruptured Ruptured Ruptured Ruptured 
TYPICAL DEGREES O F  DAMAGE TO1 VARIOUS ORGANS 
I 
Small lesions 
Distended and/or 
perforation hemorrhage 
SWIM BLADDER 1 SPLEEN LIVER 
I I 
c! 
I 
I LIGHT 
I 
nology. Table 9 furnishes a key to organ damage for the four 
NONE 
organs with which this paper is concerned. 
Hemorrhage of 
surf ace vessels 
and/or slight 
perforation of 
bladder 
Intact and Intrtct and Intact and Intact and 
normal 1 normal 1 n,ormal 
D. Response, by species. 
Some consideration must he given to differences in body con- 
struction when comparing responses by the different species. 
I t  has already been pointed out that  trout are soft-bodied and 
lose scales readily. Rock, croakev and spot have firmer bodies 
I with scales more securely attached. Menhaden lose scales easily 
and in addition have a more nelvous temperament than the other 
species. Rock have semi-fixed swim bladders, whereas the swim 
bladders of croaker, trout and spot have proportionately less 
attached surface and may be characterized as "free". Results 
of observations indicate that "fixed" swim bladders typically 
4 rupture a t  several points along the ventral surface while "free" 
swim bladders are more likely to have a single lengthwise split. 
The condition of the fish in respect to gonad development also 
has some bearing on its response. Most of the rock used in these 
experiments were either imiiiature or had recently spawned. 
i 
I Croakers and trout were approaching their spawning period; 
hence, injury to ovaries and testes of these two species, particu- 
larly trout, was reported rather frequently, whereas there were 
I 
no such reports for rock. 
Distended Hemorrhage Slight 
hemorrhage 
The number of organ injuries reported as occurring have 
been treated on a percentage basis and presented in table 10. The 
organ most frequently affected in any of the experinlental fish 
was the swim bladder. For rock, the order of decreasing suscepti- 
TABLE 10  
F R E Q U E N C Y  O F  R E P O R T  O F  DAMAGE TO F O U R  ORGANS 
(I?wkcdes all cases o f  fish i7~jZo.y) 
CROAKER 12  of 13 11 of 13 6 of 13 3 of 13 
92 4'0 85% 46% 23% 
SPOT insufficient data 
MENHADEN illsufficient data 
bility was swim bl~dder ,  abdomirqal vein, sp le~n ,  liver. For trout, 
i t  was swim bladder, abdominal vein, liver, spleen. For croakers 
i t  was swim bladder, liver, spleen, abdominal vein. The only sig- 
nificant different in organ susceptibility among the species ap- 
pears to be that  the abdominal vein in the croaker was least sus- 
ceptible, whereas in the other two forms i t  was one of the most 
susceptible organs. The 'liver of the croaker was also quite 
susceptible. However, too much credence should not be given to 
this evaluation in the absence of quantitative data. 
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DISCUSSION 
Difficulties, sources of error, interpretation of results, and 
indications of improved techniques for rase in future work have 
all been included under the sections dealing with separate obser- 
vations on oysters, crabs and fish, and need not be repeated liere. 
The type of explosive work performed by the Navy near Solo- 
1 mons was mostly confined to the deeper channels remote from 
oyster bars or shoals where crabs are abundant. The original 
work was centered largely upon fin fish as  the object of major 
concern and more data were accumulated for these than for 
crabs or oysters. 
I t  appears desirable to establish the criteria of damage to 
marine organisms. Such criteria would permit evaluation of 
many of the variables associated with shock-wave transfer in 
s2lallaw water, and ~vould permit reasonably accurate prediction 
of the lethal effect of a charge under any peculiar set of condi- 
tions. They would also aid greatly in correhting the results of 
various tests. 
I T l i ~  information obtaincd conce~nirig the direct effect upon 
the organs of certain cornnlercial species of fish together with 
the indices of the extent of the damage should prove sf value in 
determining whether or not observed fish losses might be attrib- 
l 
uted to underwater explosions. 
I t  s'2ould again be en~phmized that  the data presented in this 
paper are of rr? exploratcry and preliminary nature. Their value 
, lies largely in indicating the complexity of an apparently simple 
prohlem, the type of future observations needed, methods of 
avoiding certain errors, and in presenting a rough picture of the 
Lethal effects upon marine life of explosions conducted under the  
I conditions described. Additional information on the effect of 
explosions upon plankton, forage fish, other large species and 
the chemical nature of the water should bc sought. 
ADDENDUM 
Two pertinent papers have become available since completion 
of this manuscript. Ward, Montgomery, and Clark ('48) have 
presented a theory of the mechanism of the nervous system 
damage which results from an  intense pressure wave followed 
by negative pressure. They postulate that  such injury occurs 
in the negative phase of the pressure wave, and results directly 
from the process of cavitation, or the rapid formation and col- 
lapse of cavities in the fluids of the brain. Such research is of 
, 
interest and importance in any consideration of the relations be- 
tween explosions and aquatic life. 
Aplin ('47) reported on field observations of the fish kill by 
seismic exploration charges and on the exposure of a small num- 
ber of caged fish to light charges. Many of his observations and 
suggestions are substantiated by those of the present report. His 
major conclusion appears to be practical and is in accord with 
the observations of this Laboratory. An explosion will kill those 
Esh which are near-by. Variation in the number of fish or shell- 
'fish killed usually is more dependent upon the number of fish 
within the lethal range (which can not yet be predicted with 
accuracy) than upon the size of the charge o r  the depth of the 
water. "Seismic searv2y work in any given area should be sched- 
uled when the fish population is a t  a minimum if such times can 
be determined." (p. 27). The Naval Ordnance Laboratory is fol- 
lowing such a policy in its experimental work in the Patuxent 
and Potomac Rivers (see Eennett '47), based on local catch sta- 
tistics furnished by the Maryland Del~artlllent of Research and 
Education. 
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1. The methods and materials used in the conduct of experi- 
ments on the effect of underwater explosions upon fish, crabs 
and oysters a t  Solomons, Maryland, are described. 
2. Data on initial deaths, delayed deaths due to injury, and the 
extent of organ damage td certain species are recorded for 
specimens held in cages in relatively shallow water a t  vari- 
ous distances from explosive charges. 
3. Physical data on the propagation and nature of the shock 
wave are discussed. I 
4. Approxinlately 2% of the oysters exposed in bags on the 
bottom within 100 feet of a 30-pound charge of TNT and 
within 200 feet of a 300-pound charge were killed a t  once. 
Incomplete data indicate that fatal injury to approximately . 
5% occurs withjn the same radius. 
5. Data from crabs are somewhat erratic but indicate that 
lethal damage is limited to a radius of approximately 150 
feet. 
6. Initial mortality of trout and rock was limited to a radius 
of 200 feet from a 30-pound charge. Subsequent deaths due 
to injury occurred in generally decreasing proportions uls 
to a radius of 500 feet, the limit for which satisfactory ob- 
servations are available. 
7. The firing of three successive 30-pound charges increased 
the range of initla1 mortality to 350 feet for trout and 250 
feet for rock. Data from larger single charges are inade- 
quate but indicate approximately the same pattern as for 
YO-pound charges with little increase in range. 
8. Rock are more susceptible to instant death a t  closer range 
whereas a higher percentage of trout is seriously hjured 
rather than killed immediate1 y. 
9. The relation between percent of total fatality and distance 
approaches a straight line, up to 400 feet from shot point, 
when summarized graphically. An unexplained factor caused 
an increase in fatal injury between 400 and 500 feet. 
41 
10. Decrease in injury with increased distance follows a de- 
tectable pattern. 
11. The nature and frequency of damage to different organs is 
summarized for each species of fish. Exposure to explosion 
usually results in rupture or hemorrhage of the swim 
bladder, abdominal vein, spleen and liver, and to the gonads 
if ripe. Severe damage to any one organ is usually fatal, 
but moderate or slight injury is often survived. 
12. This report is largely concerned with techniques for  con- 
ducting experiments on explosion effects and with delinea- 
tion of the possible sources of error. It is preliminary to I 
more thorough investigations. 
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